The micelles of two tripropargylammonium-functionalized cationic surfactants were cross-linked by a disulfide-containing diazido cross-linker in the presence of Cu(I) catalysts. With multiple residual alkyne groups on the surface, the resulting surface cross-linked micelles (SCMs) were postfunctionalized by reaction with 2-azidoethanol and an azido-terminated poly(ethylene glycol), respectively, via the alkyne-azide click reaction. The water-soluble nanoparticles obtained had low surface activity due to the buried hydrophobic tails. Cleavage of the disulfide cross-links by dithiothreitol (DTT) exposed the hydrophobic tails and resumed surface activity of the "caged" surfactants within 2 min after DTT addition. The controlled breakage of the SCMs was used to lower the surface tension of aqueous solutions and trigger the release of liposomal contents on demand.
■ INTRODUCTION
Amphiphiles are indispensable in daily human lives, chemical and materials processing, medicinal technology, and biology, among others. Most biological molecules, including proteins, nucleic acids, membrane-forming phospholipids, and even carbohydrates have some degree of amphiphilicity. Despite the importance of amphiphiles, there are times when amphiphilicity or, more precisely, amphiphilicity-derived properties are not desired. Phase separation of organic/aqueous solutions, for example, is hampered by the presence of surface-active agents. In other cases (e.g., drug delivery), it is highly desirable that amphiphiles tailored for specific purposes are delivered in a temporally and spatially controlled fashion.
An exquisite example of controlled release of amphiphilicity is displayed by influenza virus, which enters a host cell through endocytosis. To release its chromosome into the cytoplasm, however, the virus relies on the pH-triggered exposure of buried hydrophobic fusion peptides, which insert into the endosomal membrane of the host cell and ultimately cause the viral and host membranes to fuse. 1 Surfactants with a cleavable bond between the hydrophilic headgroup and the hydrophobic tail allow one to switch off the surface activity relatively easily. 2 To switch on surface activity in a controllable fashion, however, is much more challenging with a cleavable surfactant, as the cleavage typically destroys the amphiphilicity by separating the hydrophilic headgroup and the hydrophobic tail of the surfactant.
One of the most successful strategies to manipulate the amphiphilicity of surfactants is to include ferrocene or other redox-active moieties in their structure. 3−5 Oxidation or reduction alters the charge characteristic of the moiety and, in turn, its hydrophilicity or hydrophobicity. Tunable through chemical or electrical redox reactions, these redox-active surfactants found numerous applications such as the modulation of viscoelasticity of fluids, 6 redox-regulated solubilization and deposition, 7 controlled cell transfection, 8 reversible change of surface tension, 9 redox-activated delivery, 10 and controlled polymer micellization. 11 The trans−cis isomerization of azobenzene has also been used to modulate the property of surfactants. Although unable to switch off the surface activity completely, the mechanism has been used to control the critical micelle concentration (CMC) of surfactant, 12 viscosity of fluids, 13 and interfacial tension between two immiscible phases. 14 An innovative approach to "green" switchable surfactants was recently reported by Jessop and co-workers. 15, 16 The switching mechanism is based on the strong basicity of (long-chain) alkyl amidine, which turns into an effective surfactant in the presence of CO 2 when amidine is converted into amidinium bicarbonate. The surface activity of the molecule may be turned off by bubbling nitrogen or other gases at elevated temperatures.
Conformational change of a molecule can alter its size, shape, and distribution of functional groups. Conformationally controlled amphiphilicity is essential to the function of natural antimicrobial peptides 17, 18 and was used by Middelberg and colleagues in their design of peptidic switchable surfactants. By tuning the solution pH and the presence of metal ions, they were able to switch amphiphilic peptides between a "film state" and a "detergent state". 19, 20 Emulsions and foams could be formed and broken reversibly using these switchable surfactants.
In this paper, we report an alternative approach to the controlled delivery of surface activity. The method was based on our recent synthesis of surface cross-linked micelles (SCMs). 21 The strategy is similar to what is used by influenza virus in that surface activity is turned on by controlled exposure of buried hydrophobic groups. Our chemistry allowed us to release a variety of surface-active materials synthesized from a water-soluble nanoparticle as the common synthetic intermediate. Reduction of surface tension by 23 mN/m was achieved with as little as 10 μM "caged" surfactant. The released surface-active materials were demonstrated to trigger the release of liposomal contents under biologically relevant redox conditions. were reported previously.
■ EXPERIMENTAL SECTION
General. All reagents and solvents were of ACS-certified grade or higher and were used as received from commercial suppliers. Millipore water was used to prepare buffers and the liposomes. Routine 1 H and
13
C NMR spectra were recorded on a Bruker DRX-400 or on a Varian VXR-400 spectrometer. Surface tension was measured at room temperature with a Wilhelmy plate on a FACE automatic surface tensiometer (Model CBVP-Z). Fluorescence spectra were recorded on a Varian Cary Eclipse fluorescence spectrophotometer. Dynamic light scattering (DLS) was performed on a PD2000DLS
PLUS dynamic light scattering detector.
Synthesis of 1H,1H,2H,2H,3H,3H-Perfluoroundecyl Triflate (compound 3). Triflic anhydride (0.25 mL, 1.5 mmol), followed by dry pyridine (0.12 mL, 1.5 mmol), was added to anhydrous dichloromethane (20 mL) cooled at −20°C. The cooling batch was removed and a solution of 1H,1H,2H,2H,3H,3H-perfluoroundecanol (0.478 g, 1 mmol) in anhydrous dichloromethane (5 mL) was added slowly. After 2 h, the reaction mixture was diluted with dichloromethane and washed with water and brine. The organic layer was dried over MgSO 4 and concentrated in vacuo to give a light yellow oil, which was used in the next step without further purification (0.59 g, 97%). 1 Synthesis of 1H,1H,2H,2H,3H,3H-Perfluoroundecyltripropargylammonium Triflate. Tripropargyl amine (0.155 mL, 1.1 mmol) was added to a solution of compound 3 (0.59 g, 0.97 mmol) in anhydrous THF (10 mL) at −20°C. The cooling batch was removed. After 5 h at room temperature, the reaction mixture was concentrated in vacuo. The residue was purified by column chromatography on silica gel using a mixture of dichloromethane/methanol (15:1 to 10:1) as the eluent to give the product as a white powder (0.55 g, 85% 40, 30, 20, 10 , and 0 μL of the above stock solution. The above aqueous solution of pyrene was added to make the total volume of each sample 2 mL. Fluorescence spectra were recorded with the excitation wavelength at 335 nm.
Preparation of SCMs. SCM−CH 2 CH 2 OH and SCM−PEG were prepared and characterized according to previously reported procedures (Scheme 1). 21, 22 The fluorinated versions were prepared following the same procedures using 4 instead of 1. In a typical procedure, compound 2 (3.5 mg, 0.02 mmol), CuCl 2 (10 μL of 6.7 mg/mL aqueous solution, 0.5 μmol), and sodium ascorbate (10 μL of 99 mg/mL aqueous solution, 5 μmol) were added to a micellar solution of 1 (9.7 mg, 0.02 mmol) in Millipore water (2.0 mL). The reaction mixture was stirred slowly at room temperature for 24 h before N 3 CH 2 CH 2 OH (40 μL of 1 M aqueous solution, 40 μmol), CuCl 2 (10 μL of 6.7 mg/mL aqueous solution, 0.5 μmol), and sodium ascorbate (10 μL of 99 mg/mL aqueous solution, 5 μmol) were added. After another 12 h at room temperature, the mixture was dialyzed against deionized water using a 6−8 kDa molecular weight cutoff tubing. The solution was diluted to 10 mL, with the final concentration of the (cross-linked) 1 being 2.0 mM. Liposome Preparation. CF-containing large unilamellar vesicles (LUVs) were prepared according to a slightly modified literature procedure. 23 A chloroform solution of POPC (25 mg/mL, 198 μL) and EPOPC (10 mg/mL, 53.6 μL) was placed in a 10 mL test tube and dried under a stream of nitrogen. The residue was dried further under high vacuum overnight. A solution of CF-HEPES buffer (0.5 mL, 50 mM CF, 10 mM HEPES, 10 mM NaCl, pH = 7.4) was added. Rehydration of the lipids was allowed to continue for 30 min with occasional vortexing. The opaque dispersion was subjected to 10 freeze− thaw cycles. The resulting mixture was extruded 29 times through a polycarbonate filter (diameter = 19 mm, pore size = 100 nm) at room temperature using an Avanti Mini-Extruder. A portion (0.1 mL) of the liposome solution was passed through a column of Sephadex G-50 using HEPES buffer (10 mM HEPES, 107 mM NaCl, pH = 7.4) as the eluent to remove the extravesicular CF. The liposome fractions were combined and diluted to 10.0 mL with the HEPES buffer. The concentration of phospholipids in the stock solution was 0.14 mM.
CF Leakage Measurement. Aliquots of the above LUV solution (40 μL) were diluted with the HEPES buffer (1.96 mL, 10 mM HEPES, 107 mM NaCl, pH = 7.4) in a series of cuvettes, resulting in a lipid concentration of 2.9 μM in each cuvette. Aliquots of the appropriate SCM were added via a microsyringe. The change of emission intensity at 520 nm (λ ex = 492 nm) was monitored over time. At 20 min, DTT (2 μL, 1.0 M in H 2 O) was added and the sample was gently vortexed for 10 s. After another 40 min, 20 μL of Triton X-100 (1% v/v) was added, disrupting the vesicles and releasing the remaining CF (100% release). The percent leakage was defined as [% leakage = (F t − F 0 )/(F max − F 0 ) × 100], in which F 0 and F t are the initial and intermediate emission intensity, respectively, and F max was taken as the fluorescence intensity after lysis of the LUVs by Triton X-100.
Lipid-Mixing Assay. 24 Unlabeled POPC/EPOPC LUVs were prepared with a mixture of POPC (25 mg/mL, 198 μL) and EPOPC (10 mg/mL, 53.6 μL) using HEPES buffer (10 mM HEPES, 107 mM NaCl, pH = 7.4), following the procedure described above. Gel filtration was not needed in this experiment. Labeled POPC/EPOPC LUVs containing 1 mol % of NBD-DPPE and Rh-DPPE were prepared in the same manner. Aliquots of the labeled (8 μL) and unlabeled (32 μL) LUVs were added to the HEPES buffer (1.96 mL). The concentration of lipids was 2.9 μM in the final mixture. The change of NBD fluorescence (λ ex = 450 nm and λ em = 530 nm) was monitored for 10 min before an aliquot of the SCM solution (2 mM in H 2 O) was added. After another 10 min, DTT (2 μL, 1 M in H 2 O) was added, and the fluorescence was monitored for another 10 min before Triton X-100 (20 μL, 1% v/v) was added to disrupt the liposomes. An increase of NBD emission indicates dilution of membrane bound probes caused by membrane fusion. The percentage of fusion was determined using equation % fusion = (F t − F 0 )/(F max − F 0 ) × 100%, in which F t is the emission intensity of NBD during the assay, F 0 the initial intensity, and F max the NBD intensity after the addition of Triton X-100.
DLS Measurement. An aliquot of SCM ([surfactant in SCM] = 2.0 mM in H 2 O) was added to 2.0 mL of POPC/POPG LUVs ([total lipids] = 2.9 μM) in a quartz cuvette. After the sample was gently shaken by hand for 10 s, DLS measurements were taken. Intensity data from each sample were collected in three replicates and analyzed by the Precision Deconvolve software.
■ RESULTS AND DISCUSSION
Design and Synthesis. The micelle of 4-dodecyloxybenzyltropropargylammonium bromide (1) has a dense layer of alkyne on the surface due to the alkynylated headgroup. The addition of an azido-functionalized cross-linker and Cu(I) catalysts covalently fixes the dynamic self-assembled micelle into a stable water-soluble organic nanoparticle (Scheme 1). 21, 22 We reasoned that, with hydrophobic tails tucked in the interior, the SCM should have low surface activity. If a reversible crosslinker such as 2 was used, however, the nanoparticle would disintegrate upon the cleavage of the surface cross-links and expose the buried hydrophobic tails, releasing surface-active materials as a result. Because the SCM could be readily decorated with different ligands on the surface by the click reaction, 25 ,26 the entire SCM may be viewed as a caged surfactant reservoir, easily functionalizable through postmodification and releasable upon a redox signal.
To demonstrate the concept, we prepared SCMs with a 1:1 mixture of 1 and 2. The stoichiometry in theory leaves one alkynyl group per surfactant on average on the SCM. After crosslinking, the residual alkynes were terminated by 2 equiv of N 3 CH 2 CH 2 OH and an azide-terminated poly(ethylene glycol), N 3 CH 2 CH 2 (OCH 2 CH 2 ) n OMe (M.W. 2000), respectively. The termination step was necessary because cross-linking might leave behind a small number of dangling azido groups geometrically inaccessible to other alkynes on the surface of the same SCM. The residual azido and alkyne groups on the SCM surface could cause intermicellar cross-linking easily in the presence of Cu(I). The termination step not only eliminates such a possibility but also makes it possible to prepare different types of surfactants from a common intermediate (i.e., the alkynyl-SCM).
The aromatic group between the ammonium headgroup and the dodecyl chain in 1 was introduced partly because the corresponding 4-dodecyloxybenzyl bromide was highly reactive in the final step of the synthesis (i.e., nucleophilic substitution). 21 Common primary alkyl bromides and iodides were unreactive toward tripropargylamine in our hands. To apply the synthesis to nonbenzylated substrates, we needed a more reactive leaving group 27 and converted 1H,1H,2H,2H,3H,3H-perfluoroundecan-1-ol into the corresponding triflate 3, which reacted quickly with tripropargylamine at room temperature. The fluorinated alcohol was chosen because of the excellent surface activity of fluorinated surfactants. 28 After purification by column chromatography and ion exchange using a concentrated solution of sodium bromide, fluorinated cross-linkable surfactant 4 was obtained as a waxy solid.
The critical micelle concentration (CMC) of 1 is 0.14 mM in water. 21, 22 To determine the CMC of 4, we employed a dyesolubilization method using pyrene as the probe. The five vibronic bands of pyrene respond to environmental polarity differently. The intensity ratio between the third (∼384 nm) and the first band (∼373 nm) is particularly sensitive to environmental changes. 29 As shown by Figure 1a , the emission spectrum of pyrene was dependent upon the concentration of 4. According to I 3 /I 1 , pyrene was in a more hydrophobic microenvironment in the 0.5 mM aqueous solution of 4 than in 0.05 mM. When the I 3 /I 1 ratio was monitored continuously as the concentration of 4 was varied, the CMC of the surfactant was determined to be 0.35 mM (Figure 1b) .
Controlled Release of Surface Activity. The most notable property of an amphiphile is its surface activity. To evaluate the protection/deprotection of surface activity, we measured the surface tension of the PEG-functionalized SCMs before and after the addition of DTT, which is known to cleave the disulfide bond. 30, 31 We focused on the PEGylated SCMs because of the biocompatibility of PEG chains (see below for their applications in triggered release of liposomal contents). As shown in Figure 2a , the cross-linked material displayed little surface activity, with the surface tension of the aqueous solution being ∼60 mN/m when the SCM contained 1−10 μM of the crosslinked surfactant. The addition of 1 mM DTT triggered a small (∼1 mN/m) but noticeable drop of surface tension when the concentration of the caged (i.e., cross-linked) surfactant was 1−2 μM. When the concentration of the caged surfactant was increased to 5−10 μM, a precipitous drop of surface tension happened within 2 min after DTT was added.
The quick release of surface activity was exciting to us and consistent with our previous work. 22 Micelles are dynamic assemblies formed as a balance between two opposing interactions. The hydrophobic interactions among the hydrophobic tails favor the aggregation of the surfactants, whereas the electrostatic and/or steric repulsion among the headgroups favors the disaggregation. For the SCM, although the same repulsion favors the disassembly of the nanoparticle, such breakage is prevented by the covalent bonds that have cross-linked the surfactants. For this reason, the SCM nanoparticle is under "electrostatic stress" and akin to an "electrostatic bomb". Cleavage of the cross-links would release the electrostatic stress by allowing the positively charged surfactants to fly apart from one another. Such stress quite likely may even accelerate the disulfide cleavage reaction 22 because any stress in the starting materials of a reaction, whether steric, conformational, or, in this case, electrostatic, should raise the ground-state energy of the system and lower the activation energy.
The breakage of SCM−CH 2 CH 2 OH was previously found to occur in <1 min. 22 Fast breakage was observed again for SCM−PEG. As shown in Figure 2b , the relative scattering intensity of SCM−PEG showed a rapid drop within 2 min after the DTT addition. Over the same period of time, the hydrodynamic radius (R) of the particles went from ∼90 nm to 55−60 nm. The final size at the end of 30 min (ca. 50 nm) was much larger than a single polymer. Thus, the nanoparticles during cleavage fragmented into pieces consisting of multiple surfactants instead of individual surfactants, similar to what was observed for SCM−CH 2 CH 2 OH. 22 Consistent with the electrostatic stress proposed above, the breakage took place with a quick burst in the beginning. The plateaus in both the scattering intensity and the particle size after the initial breakage suggested that the reaction slowed down as soon as the burst was over. The result was reasonable because DTT-induced cleavage of disulfide-linked polymers frequently take hours to days to complete. 32−34 The significant reduction of surface tension after DTT addition implied that the SCM−PEG fragments had exposed hydrophobic tails. The surface activity was dependent upon the amount of caged surfactant initially present. SCM−PEG containing 10 μM caged surfactant, for example, lowered the surface tension of the aqueous solution by ∼10 mN/m upon DTT treatment (Figure 2a) . Fluorinated surfactants are known for their outstanding surface activity. 28 We were pleased to find that the fluorinated SCM−PEG had low surface activity as long as the hydrophobic tails were buried in the interior. The surface tension was ∼60 mN/m for several aqueous solutions but dropped below 40 mN/m within 2 min after DTT was added (Figure 3a) . The fluorinated surfactants released clearly had The fluorinated SCM−PEG showed some unusual behavior during cleavage. The scattering intensity, for example, displayed a small but distinctive increase after DTT addition (Figure 3b) , distinctively different from that for the nonfluorinated (Figure 2b) . The hydrodynamic radius (R) also appeared to increase slightly, although the extent of increase was rather small. The cleavage clearly had taken place according to the large decrease of surface tension, but the fragmented pieces apparently preferred to stay together instead of coming apart. Although unusual, the behavior is reasonable given the strong tendency for fluorinated compounds to adhere to each other. 28 Because fluorocarbons have extremely low polarizability, the dispersion forces between water and fluorocarbon are very weak; this is the fundamental reason for the low surface tension and low CMCs of fluorinated surfactants in comparison to those of hydrocarbon surfactants of the same chain length.
It is difficult to know the exact chemical structures of the released surfactants because numerous fragmented pieces could form, depending on the amount of DTT used and the reaction time. To establish the cleavage of the disulfide bonds, we incubated SCM−CH 2 CH 2 OH with excess DTT for 48 h. The treatment was expected to cleave all the disulfide cross-links on the SCM and release small molecule surfactants. Our ESI-MS analysis revealed four major species (5−8) in the digested SCMs ( Figure  1S , Supporting Information). 35 Because all the cations are permanently charged and have similar structures, we assumed that their relative peak intensities were reasonable estimates for their relative amounts in the mixture. The base peak in the digested SCM−CH 2 CH 2 OH was from 5, a compound with two thiol groups. The majority of cross-linking, thus, happened with two of the three alkyne groups of 1 undergoing cycloaddition with the disulfide-containing cross-linker 2. The result was in line with the 1:1 ratio of 1 and 2 and also with a previous study using a different type of cleavable bond. 21 Since both trithiol-and monothiol-functionalized cations (i.e., 6 and 7) were also observed, some surfactants underwent three and one cycloaddition reaction, respectively. Finally, a small amount of 8 was identified by the ESI-MS, suggesting that, although the final termination step was effective, it did not convert 100% of the residual alkynes.
Controlled Release of Liposomal Contents. In an attempt to mimic the influenza virus that relies on the stimuli-triggered exposure of hydrophobic fusion peptides to deliver cargos, we examined the effects of the cleavable SCMs on lipid membranes. Since the SCM is an easy-to-synthesize and multifunctional nanoparticle and able to encapsulate hydrophobic guests, 22 we envision that it may be potentially useful for drug delivery. To prove the concept, we employed the CF leakage assay 36 to understand the effects of the released surfactants on lipid membranes. CF is a water-soluble fluorescent dye that displays self-quenching at high concentrations (>50 mM). We prepared large unimolecular vesicles (LUVs) using POPC and POEPC in a buffer containing 50 mM CF and removed the extravesicular CF by gel filtration. The cationic POEPC lipid was added to keep the liposomes charged and thus colloidally more stable. 37 If the released surfactants destabilize the LUVs, CF will escape from the liposomes, get diluted, and give stronger emission. The percent leakage was calculated based on the complete release at the end of the assay triggered by 1% Triton X-100. Figure 4a shows the CF leakage with 15 μM of the caged surfactant induced by different concentrations of DTT. The concentration of reducing thiol (mostly glutathione) reaches 0.5−10 mM in cytosol but only 2−20 μM in plasma. 38 The disulfide−thiol conversion, therefore, is very useful for cellular delivery. 39−41 To our gratification, the percent leakage of CF increased steadily with higher concentrations of the thiol. At 1 mM of DTT, the liposomes completely lost all the entrapped CF within minutes after the addition of the cleaving agent. Note that the leakage rate could be controlled also by the amount of surfactant released. As shown in Figure 4b , the DTT-induced leakage became noticeable with as little as 1 μM caged surfactant and increased steadily when more cleavable SCM was present.
Cholesterol is a lipid found often in mammalian membranes. 42 In the literature, cholesterol-containing liposomes are frequently used as drug-delivery systems for their enhanced stability.
43−45
The SCM-released surfactants were also able to release CF from cholesterol-containing LUVs. As expected, the leakage became lower with higher percentages of cholesterol in the membrane (Figure 5a ). Our experiments revealed that the DTT-triggered CF efflux did not correlate directly to the surface activity of the released surfactants. The fluorinated SCM−PEG was shown in Figure 3a to have surface activity substantially higher than that of the normal SCM−PEG upon cleavage. The CF leakage, however, was somewhat lower for the fluorinated SCM (compare Figure 5b with 4a). The result is consistent with the DLS study that indicated a strong preference for fluorinated amphiphiles to selfassociate. To destabilize the lipid bilayers, the released materials need to insert themselves into the lipid bilayers. Fluorinated surfactants apparently have a smaller tendency to do so in comparison to hydrocarbon-based surfactants. Surfactants generally induce the formation of transient "toroidal pores" on lipid membranes. 46 The CF leakage triggered by the cleaved SCM−PEG appeared to follow a similar mechanism. The lipid-mixing assay, for example, showed <10% membrane fusion in the presence of SCM−PEG (Figure 6a ). In this experiment, one batch of LUVs containing 1 mol % NBD-and rhodamine-functionalized lipids was mixed with another batch of unlabeled LUVs. 24 If the leakage happens through the disintegration of the liposomes or by membrane fusion, the labels would be diluted, resulting in smaller fluorescence resonance energy transfer (FRET) from NBD to rhodamine. The minimal fusion observed suggested neither process was significant. Meanwhile, the DLS study showed that the size of the liposome stayed nearly the same after the addition of SCM−PEG and even after the DTT treatment (Figure 6b) . Thus, SCM−PEG had minimal interactions with the POPC/POEPC liposomes, and the LUVs stayed nearly intact even after DTT addition. All these observations were in line with the localized destabilization of membranes and the formation of toroidal pores. 46 The importance of the PEG chains is that the fragmented SCMs would only interact with the liposomes through their hydrophobic tails. PEG is strongly solvated by water and interacts minimally with liposomes. In fact, when protected by a layer of PEG chains on the surface, liposomes become considerably more stable and resistant to adhesion of hydrophobic plasma proteins. 47 Without the PEG chains, the surfactants released would be quite hydrophobic in the headgroup (see the structures of 5−8) and may interact with the LUVs differently.
The prediction was confirmed by our lipid-mixing assays and DLS study. Although very little fusion took place with 0−3 μM of caged surfactant released from SCM−CH 2 CH 2 OH, fusion became quite significant when the concentration of released surfactant increased to 5 μM (Figure 7b) . Meanwhile, both the size and size distribution of the liposomes changed significantly. The DLS study indicated that significant interactions existed between the LUVs and SCM−CH 2 CH 2 OH, because larger liposomes appeared even before the addition of DTT (Figure 7b, △) . The LUVs became even larger and more polydispersed after SCM−CH 2 CH 2 OH was broken up (□). All together, the data suggested that the fragmented SCM−CH 2 CH 2 OH was able to induce significant membrane fusion for the liposomes, unlike the PEGylated materials. Thus, although the leakage profiles induced by SCM−CH 2 CH 2 OH and SCM−PEG were quite similar ( Figure 7S , Supporting Information), the mechanisms were different.
■ CONCLUSIONS
Connecting the headgroups of surfactants by cleavable crosslinkers is an effective strategy to protect their amphiphilicity and surface activity. With buried hydrophobic groups, the surface cross-linked micelles (SCMs) possess low surface activity. The click reaction used in the cross-linking and postfunctionalization makes the SCMs extremely versatile and easy to prepare. A particular attractive feature of the SCMs is their rapid breakage upon cleavage of surface cross-links, enabling fast delivery of surface-active materials using specific chemical stimuli. Because the click reaction allowed us to incorporate a variety of cleavable bonds into the cross-linkers, 22 the "deprotection" of surface activity may be designed to take place under different signals.
The alkynyl SCMs could be used as a common synthetic intermediate to prepare a wide variety of caged surfactants. Although only alcohol and PEG groups were introduced to the cleavable SCMs in this work, other ligands such as saccharide 21 and/or peptides can be easily imaged to work as well. As demonstrated by the leakage experiments, the SCMs could trigger the release of liposomal contents upon cleavage and different mechanisms of leakage could be obtained, depending on the types of surfactants released. 
